Management of near-to-nature forests is frequently supplanted by faster-growing 'industrial' plantations on the basis of the latter's superior economic return. These latter species often produce higher volumes of usable biomass in shorter periods of time. Increased yields come with a price, however. While some species provide a superior net present value, they may require a higher cash flow position on the part of the landowner. Other species may possess superior production capabilities but are susceptible to insect and disease attack. Under such conditions, less productive 'native' species might produce a satisfactory rate of return considering their reduced risk of attack. We examine two methods of evaluating differences in effective yield and rate of return. The first method, expected value analysis, is a deterministic method that uses decision tree methodology coupled with pre-determined probabilities of outcome for a given series of events and choices. The second method is a matrix model using stochastic transitions between healthy trees and different states of poor health. Markov processes are used to drive simulations of insect and disease attack, and then calculate net present value and optimal rotation age. We keep the final per-unit product price fixed to simplify the analysis and better validate the comparison between the deterministic and stochastic methods. We use longleaf (Pinus palustris Mill.), loblolly (P. taeda L.), shortleaf (P. echinata Mill.) and slash (P. elliottii Engelm.) pines as the species in our comparison. Longleaf is the slowest growing, but it is less prone to attack than the other three. Using more recent Forest Inventory and Analysis (FIA) data, both our Markov analysis and expected value analysis found loblolly and slash pines to be superior economic performers. Earlier FIA surveys support the selection of loblolly and slash over longleaf, but suggest that higher fusiform incidence might push the investment decision towards longleaf pine, particularly vis-à-vis slash pine at higher site indices. Both analysis methods provided the same outcomes, so long as they used the same data. Given this result, a decision tree methodology is a reasonable method for evaluating the economics of species choice in forest restoration activities.
Introduction
Due to the drastic reduction in area of longleaf pine (Pinus palustris Mill.) forests of the southeastern United States (a result of agricultural conversion and supplanting by loblolly and slash pines), there has been a great deal of attention paid to this species and its associated ecosystem (Means and Grow, 1985; Platt et al., 1988a, b; Kelly and Bechtold, 1989; Noss, 1989; Peet and Allard, 1993; Simberloff, 1993; Streng et al., 1993; Walker, 1993; Landers et al., 1995) . Estimates of the extent of pre-European settlement longleaf forests range up to 28-37 million ha (Boyer, 1990a; Frost, 1993) , while there are just above 1.2 million ha remaining (Dennington and Farrar, 1983; Outcalt and Outcalt, 1994) . Longleaf pine forest ecosystems support a variety of wildlife resources and vertebrate species that are either endangered or declining, such as the redcockaded woodpecker (Picoides borealis (Vieillot)), gopher tortoise (Gopherus polyphemus Dauden), indigo snake (Drymarchon corais couperi (Holbrook)), northern bobwhite (Colinus virginianus L.), Bachman's sparrow (Aimophila aestivalis (Licht.)) and fox squirrel (Sciurus niger L.) (Wahlenberg, 1946; Byrd, 1979) . These declines are related, at least in part, to the overall decline in area of longleaf pine in the South. Accordingly, land managers and conservationists are evaluating opportunities for restoring the species throughout its range.
One of the apparent disadvantages of longleaf pine is its reduced growth rate and fibre production over time compared with loblolly and slash. Although longleaf pine can provide a positive rate of return to landowners, it is clear that, for shortrotation forests, loblolly and slash pine will produce more fibre per hectare than longleaf (USDA, 1929) . Some evidence shows that, as the rotations get longer, longleaf will approach the other species in yield and in economic value of the stand. But short-rotation pine forests in the South are generally loblolly or slash pine. However, high-volume, dense industrial pine plantations sacrifice many ecological attributes, including understorey diversity, wildlife habitat and the ability to use fire as a management tool (Simberloff, 1993) . It should be noted that such plantations will have different characteristics than naturally regenerated stands (Jögiste et al., 2003) .
Using data from Forest Service Miscellaneous Publication no. 50 (USDA, 1929) , Table 1 shows that loblolly and slash easily outproduce longleaf pine, under almost any site condition. Landowners may have many motives, and will first have to decide whether they are interested in active management, which may have different outcomes than simply reserving land (Carey, 2003) . Landowners interested in income generation have generally not gone further than comparing yields in choosing which species to regenerate, overwhelmingly choosing loblolly or slash pine over longleaf. Such comparisons, however, fail to consider the risks of using loblolly or slash pine and the relative resistance to pathogens of longleaf pine and the effect of these factors on net yield. It is important to note that there are many other uncertainties facing landowners. Future prices and market conditions are uncertain. The local or global climate may change; one species may be more susceptible than others to future pollutants or genetically modified organisms. But, for the purposes of this analysis, we will restrict our focus to known insect and disease issues.
Much anecdotal evidence suggests that longleaf is far less prone to deleterious attack, weather or fire damage. An ongoing study of site preparation techniques found that longleaf and slash pine, similarly planted and treated, had equal height at age 6 years. Yet, longleaf had only a 1 per cent incidence of fusiform rust (Cronartium fusiforme Hedg. & Hunt ex Cumm.) with no stem cankers, whereas slash pine had a 65 per cent incidence of fusiform rust, with 35 per cent having stem cankers (M. Hainds, Auburn University, unpublished data). With an expected industry standard for loblolly or slash growth at 22.4 m 3 ha -1 a -1 (D. Moorhead, University of Georgia, pers. comm.) and an expected growth for longleaf under similar intensively managed situations of 17.9 m 3 ha -1 a -1 (R. Johnson, Auburn University, unpublished data), this apparent higher incidence of damage due to insect and fungal attack could radically change species selection decisions.
Investment risk
The trade-off between income from an investment and the variability in the returns can be illustrated by a risk-return spectrum (from Hagin, 1979) . Readers familiar with US financial markets can understand Figure 1 : US government treasury bills, having practically zero chance of default or change in the nominal rate of interest, pay only an interest rate that takes into account the time value of money. Average common stocks or corporate bonds, however, must pay more than 'T-bills' to account for a potential change in future returns, a 'risk premium'. Similar decisions are made in forestland investment. How much risk will a landowner tolerate to get a greater return? Conversely, how much potential return will a landowner forgo to get a certain (lower) level of risk? Species with a short payback period and a relatively certain income (like a plantation of a rapid-growing industrial species) might be favoured over species with a longer payback period, benefiting from reduced time until payback of investment and, given the reduced time, less opportunity for 'things to go wrong'. On the surface, this seems reasonable; who would not desire to get one's money back sooner? But if the rapid-growing species requires more inputs to achieve this higher return or if the species is more prone to forest health problems (however infrequently they may occur), then the real rate of return may well be less than the slower-growing, but less prone-to-attack, species.
To examine this trade-off, we compare longleaf pine with the more-preferred loblolly/shortleaf/ slash pines and incorporate documented forest health problems into a 'real rate of return'. For simplicity, we assume site preparation for the two groups to be the same, and that the same stocking, basal area and soil fertility applied to each species. Our goal is to compare not only the longleaf versus other pines, but also the two decision methodologies themselves.
Forest health
The two forest health impacts we are examining in this paper are insect attack (southern pine beetle (Dendroctonus frontalis Zimm.)) and fungal attack (fusiform rust). Loblolly and slash pines are very susceptible to these influences, particularly at younger ages (Lohrey and Kossuth, 1990; Schultz, 1997) . Longleaf is less prone to attack by insects (due to superior resin production), or fusiform rust or stem canker (species-specific resistance) (Boyer, 1990b) . Fusiform rust is a vigorous pathogen that attacks loblolly and slash pine, causing severe deformation, reduced growth and high mortality (Hepting, 1971) . This disease primarily impacts seedlings and saplings, causing galls on the stem. Young seedlings are typically killed. Research suggests that the use of fertilizer results in greater susceptibility to the fungus, the implication being that intensively managed stands are more likely to have the disease (Pye et al., 1997) . Recent advances in tree breeding have produced seedlings that are more resistant to this devastating agent but, as yet, there is no variant that is 100 per cent resistant (Pye et al., 1997) . The most destructive insect affecting southern pines is the southern pine beetle (SPB) whose attack can cause significant mortality (USDA, 1981) . While fusiform rust incidence is positively correlated with vigorous trees (Pye et al., 1997) , SPB is attracted Figure 1 . Risk and return spectrum, using US Government Treasury Bills, a very stable and low-return investment, and average common stocks, a higher-return and higher-risk investment (from Hagin, 1979). to trees stressed by drought, high density, poor soil fertility or fire (USDA, 1981) . Hundreds of thousands of hectares of southern pines are impacted each year by SPB attacks. SPB is less frequently found on longleaf or slash than on loblolly, in part because of the superior resin production of the latter two species, which results in greater resistance to the initial colonizing beetles (Boyer, 1990b; Lohrey and Kossuth, 1990) .
Mixed species are sometimes recommended as a way to improve forest stability and resistance to forest health problems. For example, the silvicultural response to gypsy moth (Lymantria dyspar (L.)) attack is to reduce the proportion of the stand occupied by susceptible species, such as white oak (Quercus alba L.), even when such species are economically valuable (Gottschalk, 1993) . Management strategies in the face of spruce budworm (Choristoneura fumiferana (Clemens)) recommend the decrease in proportion of balsam fir (Abies balsamea (L.) Mill.) in a spruce-fir forest (Blum, 1985) . However, mixed species management can be a difficult prospect where the species' niche occupancy overlaps. A study of mixed plantings of red pine (Pinus resinosa Ait.) and white pine (P. strobus L.) in south-west New Hampshire found that the red pine quickly out-competed the white pine, which eventually died, leaving a red pine stand (Larson et al., 1998) .
Southern pines face a similar situation. While the life history strategies do vary somewhat between species, they are similar enough that they would compete for the same growing space. Although longleaf pine would indeed leaven the species mix by contributing relative resistance to insect and disease attack, they would be out-competed by loblolly and slash pines in the early years, resulting in a stand that would be effectively monospecific and facing the same forest health risks as a stand that had been planted with one species only.
In this paper, we calculate the documented and theoretical levels of insect and disease impacts upon eventual product yield and net return to the landowner. We compare two methods of deciding between the species: (1) a simple deterministic method -a 'decision tree', and (2) a stochastic Markov analysis that uses US Forest Service Forest Inventory Assessment data incorporating forest health measures.
Methodology

Data
The United States Forest Service (USFS) Forest Inventory and Analysis (FIA) unit periodically collects field data on tree species, size and condition on fixed plots scattered randomly across the landscape. Typically there is one plot per 2430 ha and each plot is visited once every 5-10 years. These data are processed and each forested plot (defined as at least 16.7 per cent stocked with a minimum area of 0.4 ha among other factors) is assigned a forest type based on the plurality of live stocking. Each tree on a plot is assigned a calculated expansion factor which can be used to obtain volume (in various units) or biomass on a per-hectare basis. In addition, field crews collect tree level data on damage (including damage due to insects, diseases or fire), mortality and removals (Miles et al., 2001; Hansen et al., 1992) .
Expected value
Expected valuation uses pre-determined probabilities to estimate the mean outcome of a decision with multiple possible results. For example, if we invest $1 in the Georgia (US) lottery, there might be a 1 : 7000 000 chance of winning a $2000 000 jackpot. The expected value of the winnings from a $1 investment is:
. EV 7000 000 6999 999 0 7000 000
Using the format shown in Figure 2 , we built an expected value tree using a 10 per cent probability of southern pine beetle attack for loblolly and slash pines and 2 per cent for longleaf pine, based on an average proportion of counties and years with outbreaks of 9.7 per cent (Gumpertz et al., 2000) . We arbitrarily assigned the severity of attack to high, medium and low levels, giving each a probability of 33 per cent. Given the level of attack, we further assigned equal likelihoods to different levels of yield within each attack category: high attack, yields 20, 30 and 40 per cent; medium attack, yields 40, 50 and 60 per cent; and low attack, yields of 60, 70 and 80 per cent. Such numbers are very conservative, as, for example, a high attack with a low post-attack yield will likely produce far less than 20-40 per cent of the expected yield compared with an unattacked site.
To examine fusiform rust impacts, we used data from Pye et al. (1997) , who modelled data from FIA cycles 5 and 6, to calculate likelihood of infection and the intensity of the infection of loblolly and slash pines (similar to the 'other pines' category in the Markov analysis below). They calculated the percentage of total hectares (in 10 per cent increments) infected with fusiform rust, by site quality. We re-indexed the likelihood of attack per each site quality. We grouped the infection percentages into categorical levels, 'low' (10-30 per cent), 'medium' (40-60 per cent) and 'high' (70-100 per cent). We used their 'medium' site value for the site index (SI) 60 yield and their 'high' site value for the SI 80 yield.
Using the growth and yield tables from Forest Service Miscellaneous Publication no. 50 (USDA, Figure 2 . Decision tree evaluating economic impact of forest health attack upon wood production, by species. Using percentages, we calculate attack by southern pine beetle and fusiform rust, then use published and estimated levels of attack and damage to calculate expected value of production. We summed the values for each species and level of site quality. We do not consider mortality not caused by fusiform rust or southern pine beetles. The results are printed in Table 2. 1929), we calculated the expected values based on yields in board feet (Scribner) at age 50 years for two site indices: 60 and 80. We assumed identical regeneration costs (site preparation) and stocking for all species.
Markov process simulation
FIA data are available from Florida for the 1987 and 1995 inventories, from Georgia for the 1989 and 1997 inventories, and from South Carolina for the 1986 and 1993 inventories (the 7th and 8th survey cycles). The availability of tree level data at two points in time of approximately equal interval allows us to use actual growth to determine stand transitions in a Markov process rather than relying on a growth model.
Our interest is in comparing stand transition outcomes for two groups of species: (1) longleaf pine; and (2) slash pine, loblolly pine and shortleaf pine in several forest types: longleaf-slash pine; longleaf pine; slash pine; loblolly-shortleaf pine; loblolly pine; shortleaf pine; longleaf pine-scrub oak; shortleaf pine-oak; loblolly pine-hardwood; and slash pine-hardwood.
All stands in which any of our four species of interest had been removed (harvested) between the two inventories were excluded from analysis. Stands with natural mortality were, of course, included. Data from 6520 FIA plots (2185 from Florida, 2669 from Georgia and 1666 from South Carolina) that were classified in these forest types were used to define stand states. Stand states were characterized by biomass in three species groups: longleaf pine; other pines (loblolly pine, slash pine and shortleaf pine); and other species. Biomass per hectare higher than average (in each species group on all sites) was defined as high (h), less than average as low (l) and null biomass as zero (0). The biomass of trees in each stand that had suffered damage from insects and/or disease was summed by species for longleaf pine and other pines. Stands with higher than average insect and/or disease damage were defined as high (h), those less than average as low (l), and those with none as zero (0). A similar definition was made for fire damage. Each stand was characterized at two points in time (the first and second inventories). We found 166 stand states in the data and then constructed a cross-tab of stand states at the first inventory and the second inventory and used the cumulative frequencies to estimate the transition probabilities between stand states.
A stationary Markov chain is used to model the transition of these stands from the time of the first inventory to the time of the second. This type of model has been applied in forestry (see Kaya and Buongiorno, 1987; Lu, 1992; Buongiorno, 2001 ), although there is some discussion as to whether transition probabilities for forest growth depend only on the current state (Binkley, 1980; Roberts and Hruska, 1986; Johnson et al., 1991) . Most of the current literature implies that the process can be seen as Markovian if the stand states are coarse enough (see Kaya and Buongiorno, 1987; Lu, 1992 , Buongiorno, 2001 The first expected yield column (in volumes, not dollars) uses insect and disease percentages from Gumpertz et al. (2000) and Pye et al. (1997) , respectively. Next is the ratio of loblolly or slash production to longleaf production. The second pair of columns uses the disease percentages calculated from our tallies of the seventh and eighth FIA surveys, the same data used for the Markov analysis. Note the increased loblolly and slash yield.
To model the different outcomes of opting for planting longleaf versus other pines, stand states representing stands that had been planted recently or regenerated in one or the other were selected. There were 209 such stands for longleaf and 2596 for other pines. The disparity between sample sizes reflects the underlying FIA data and affects the precision of the final results. These two groups of stands were 'grown' into the future using the transition probabilities from the overall dataset. Since the time period between inventories was ~7 years, the growth periods were also 7 years. 'Growth' was characterized as the transition of one stand in state A, at time t, to, for example, 0.3 stands in state B, 0.3 in state C and 0.4 in state D at time t + 1. All stands were grown for 12 periods from their initial state (or 84 years total).
The stochastic component of the model was constructed by drawing a random sample from the appropriate distribution of that stand state for each stand (including 'stands' representing less than a whole stand as in the above example) at each point in time. This independent draw for each stand at each time was used to represent actual volumes of pulpwood, poles and sawtimber. Using these volumes, the merchantable volume by species group and size class was calculated for each time period. These volumes were multiplied by a random draw from regional price data for each product class obtained from Timber-Mart South (Timber-Mart South, 2000 , 2001 , 2002 . These data are available broken down by both hard-versus softwoods and various size classes. This yields the value of the stand at time t. This value can then be discounted back to the present at the appropriate discount rate (or tested over a range of rates).
Revenue and costs
We assumed that each species had the identical site preparation and planting treatment. We did not vary prices nor try to account for the occasional differential in stumpage price between longleaf and other species due to the former's superior wood quality.
Results
Expected value
Raw productivity values favoured loblolly and slash pines. Table 1 shows the higher productivity of a 1-ha loblolly or slash plantation versus one of longleaf pine. At SI = 60, loblolly is 61 per cent higher in volume than longleaf; slash pine is 15 per cent greater.
Consideration of the risk of attack by fusiform rust and SPB changed the results, but not to the point where different investment decisions would be made. Whereas loblolly versus longleaf (SI 60) had a net present value (NPV) ratio of 1.61 : 1 before consideration of attack, incorporating a potential fusiform rust infection or SPB attack changed the ratio to 1.40 : 1. Slash pine had similar results: before and after comparisons changed from 1.46 : 1 to 1.19 : 1. While higher site (SI 80) values did not change the decision for loblolly (1.37 : 1 before, 1.20 : 1 after) or slash (1.40 : 1 before, 1.11 : 1 after), the slash pine/ longleaf pine ratio dropped more, reflecting slash pine's higher propensity for fusiform attack at higher site indices. Using the insect and disease risks from the seventh and eighth FIA cycles (as in the Markov simulation), longleaf fares even worse as an investment in comparison to either loblolly or slash, reflecting the lower reported incidence of fusiform or SPB attack for those later surveys.
Markov simulation
The Markov simulation was run 100 times for each initial stand, each time with a new, independent random draw from the stand distribution. Each run produced a yield and NPV at each time period (and at each discount rate). This allows not only the selection of the 'optimal rotation' (For the purposes of this paper, the optimal rotation derived from the Markov process is the period at which NPV is maximized.) for either longleaf or other pines, but also for a decision between longleaf pine and other pines based on NPV.
Note that FIA data show volumes for trees with insect, disease and fire damage. For the purposes of this analysis, we made the rather rigorous assumption that none of that volume is salvageable. The average initial age of both the longleaf and other pine stands was calculated using the 'Stand Age' variable collected on the FIA plots. Interestingly, the initial age for stands that had been 'recently' planted or regenerated was very different for the two species groups. Longleaf stands were nearly 35 years old while other pine stands were just over 17 years old. This difference is reflected in the discounted future value of the stands at time zero. See Table 3 (all figures are per hectare). If fire is ignored as a damage agent, the NPVs are almost unchanged.
The difference in the initial ages of the longleaf and other pine stands is potentially troubling. Why, in the underlying FIA data, are 'recently' planted or regenerated longleaf so much older than 'recently' planted or regenerated other pine stands? It is possible that for historic reasons longleaf plantings have been on poorer sites or have been less well managed. To try to control for these differences, the FIA data were divided into old and young initial stands (with the cut-off point being arbitrarily chosen at 20 years) and two series of Markov simulations were made following the same methods. The average age of the initial 'young' stands was 9 years for longleaf stands and 10 for other pines stands. The average age of the initial 'older' stands was 45 years for longleaf stands and 34 for other pines stands. Still, the other pines category produced higher NPV than longleaf, across all age classes, although the differences for 'young' stands were smaller.
Why were there differences?
The fourth, fifth and sixth South-wide surveys, used in Pye et al.'s (1997) analysis, showed a high incidence of fusiform rust, declining as time went on. The FIA data we used for the Markov analysis were from the more recent seventh and eighth surveys (the earlier ones not being easily available in database format), where documented cases of fusiform were far less. This variability seems to make the case for using the more sophisticated and computationally demanding Markov analysis to accurately predict the potential for future attacks. More risk-averse landowners, however, might well consider the worst-case scenario (the fifth survey in our case), particularly if the timberland represents an increasingly large portion of their total assets.
Conclusions
Certainly, loblolly and slash pines produce higher volumes of fibre at an earlier age. Whether by NPV or land expectation value, with no impact from diseases or insects, more money can be assumed to be received by a landowner earlier in the rotation than with longleaf. However, such expectations should be modified by the probability of attack. The higher the potential for catastrophic attack, the more attractive longleaf pine becomes. Furthermore, the initially slow growth of longleaf may translate into a higher average lumber grade, which could be reflected in the stumpage price paid to the landowner.
Despite increased insect and disease susceptibility, both the decision tree and the Markov analysis supported the conclusion that loblolly pine was the financial superior. These results are based on volume production and disease/insect degrade and not resulting lumber grade. The trees present in the FIA dataset are a combination of young and old trees, natural and planted. Recently planted trees may have incorporated genetic advances in fusiform rust resistance, and the vagaries of southern pine beetle infestations may not have been reflected in the datasets. Moreover, we used FIA data that could not be broken out by site quality (future surveys may incorporate this variable), so the reduced longleaf pine growth may reflect the species' relegation to poorer sites, where it has greater survivability.
FORESTRY
The decision tree model, using the same site index and time periods for each species, supported our Markov analysis trends, if not the absolute differences. The minimum difference in volume yield was 19 per cent greater for loblolly and 14 per cent greater for slash pine than for longleaf. Data derived from earlier surveys suggest a greater potential danger to loblolly or slash pine plantings from insect and disease attack. These different 'outcomes' highlight the chief danger in using periodic survey data to make long-term decisions.
Where longleaf pine has been regenerated, the decision was based on aesthetic, ecological and recreation reasons as much as economic ones. While there is some evidence, discussed earlier in this paper, that the comparative economic returns of longleaf pine are satisfactory, the species is indisputably a superior provider of ecological benefits, such as understorey diversity and habitat for species of special interest. In certain areas, such as south-west Georgia, the longleaf pine forest is a superb environment for quality hunting experiences (Moser and Palmer, 1997) .
Given the residual effect of past investment decisions made without adequately considering risk from forest health problems, which frequently relegated longleaf pine to poorer sites, the analysis presented in this paper did not certify Pinus palustris as the superior economic investment that anecdotal evidence suggested. Nonetheless, the methodology we employed is a tool that forest managers can use to more completely evaluate regeneration and species selection decisions in the future.
Given that the outcome was the same, the less complicated decision tree method would be preferred by forest managers. It offers a 'back of the envelope' ease that conveys useful analyses without mandating a computer. What it does not account for are periodic or cyclic events, where there is no recent history or, for externalities, such as a neighbour's failure to salvage a windthrow, resulting in a beetle attack across the landscape. Stochastic models based on the same underlying data share these shortcomings. Facing such potential situations, the decision tree method should employ a 'worst-case' analysis commensurate with the landowner's willingness to accept risk. 
